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Abstract
  Holographic interferometry with a phase-modulated reference beam is applied to 
an acoustic holography. A very thin, flexible, optically reflective membrane, called a 
pellicle, is used in the liquid as an acousto-optic interface. The method involves 
three processes: the motion of a pellicle caused by an ultrasonic wave is recorded as 
an optical hologram using holographic interferometry; the optical hologram is re-
constructed to form an image on the pellicle which is used as an acoustic hologram; 
the acoustic hologram is finally used to reconstruct an image of the original object 
by illuminating it by laser light. A preliminary experiment is done with an ultra-
sound of frequency 1 MHz.
Inhalt
 Eine Anwendung von holographischer Interferometrie auf die  akustische  Ho1o. 
graphie. Holographische Interferometrie mit phasenmoduliertem Referenzstrahl 
wird auf die akustische  Holographic angewendet. Eine sehr  diinne, biegsame  and 
lichtreflektierende  Membran wird in der  Fliissigkeit als akustisch-optische  Grenz-
flache benutzt. Das Verfahren besteht aus drei Schritten: Die Bewegung der Mem-
bran durch eine Ultraschallwelle  wird mittels holographischer Interferometrie als 
optisches Hologramm aufgenommen; das optische Hologramm gibt in der Rekon-
struktion  ein Bild der Membran, das das akustische Hologramm  enthalt;  fiber dieses 
 „akustische" Hologramm wird das Objekt  schliel3lich mit Laserlicht  rekonstruiert. 
Erste Versuche erfolgten mit einer Ultraschallfrequenz von 1 MHz.
 1. Introduction
 The time averaged holographic interferometry demonstrated by Powell and 
Stetson for vibration studies [1] has been used with some modifications for 
obtaining an acoustical hologram [2-4] and visualizing an ultrasonic wave-
front  [5-8-. Ordinary  holographic. interferometry used on vibrating objects 
is insensitive to the phase of the vibrations but is sensitive to the absolute
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amplitude of vibrations. The method is so modified by Metherell  [2-4] using 
a phase-modulation ofthe reference beam that both phase and amplitude of 
the motion  can be detected, and where image intensity is linearly related to 
phase and amplitude. The modification makes holographic interferometry 
useful technique to record an acoustic hologram and visualize an ultrasound 
wavefront. 
  The acousto-optic interface which converts ultrasonic information to 
optical one is the heart of these systems. In the former technique a solid 
interface made of syntactic foam was used as the interface in acoustic holo-
graphy system. In the latter a plane of a sheet-like laser light  illuminating  the 
liquid, in which aluminum particles are suspended, was used in wavefront 
visualization system. 
 This paper presents a technical proposal for obtaining acoustical holo-
graphy by means of a highly stretched thin  membrane; the membrane was 
used as the interface. The similar technique has been used in ultrasonovision 
by Mezrich et al.  [9-12-__, where a membrane, i.e., a flexible mirror or  pellicle 
was used as the interface. They used the membrane as one leg of the Michelson 
interferometer. In contrast, we use it as the acoustical hologram plane. The 
main  advantage of using such membrane in the  liquid is that it responds to 
the ultrasound even when the propagation direction of the ultrasound makes 
a large angle to the normal of the membrane surface (up to about 400). 
The frequency response of the membrane  isalso good up to about 10 MHz [10].
 2. Theory of the method
 The acoustical holography used in this experiment involves three processes; 
a linear recording of the membrane motion by holographic interferometry 
(making optical hologram), a reconstruction from the optical hologram 
(making acoustical hologram) and a reconstruction from the acoustical holo-
gram (making image of the original object). A basic principal and technical 
descriptions of these processes  have appeared in  [2-11 and  [9-131 respectively. 
We then summarize these processes in a general way and discuss them from 
a holographic point of view.
                 2.1 Optical hologram recording 
 Figure 1(a) shows a geometry for recording optical hologram. The vi-
brational displacement at a position r on the membrane and time t due to the 
ultrasonic wave with angular frequency Q is assumed as
do(r, t)   ao(r) cos  [Qt  I  Yo(r)] (1)
where ao(r) is the amplitude of the vibration and  ,u0(r) the initial phase of 
the ultrasonic vibration. The optical object beam is scattered by the mem-
brane vibrating according to (1) and reaches the optical hologram. The 
reference beam is phase-modulated by the reference transducer, which is
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Fig. 1. Schematic description of the three step acoustical holography. (a) Optical 
hologram recording by holographic interferometry, (b) Optical reconstruction from 
the hologram to make the acoustical hologram, (c) Reconstruction from the acousti-
                   cal hologram, i.e., image reconstruction.
vibrating with the same frequency as the ultrasonic wave  Q. The  phase-
modulation of the reference beam is expressed as
 q)(t) =  pr  cos  Qt (2) 
where  pr  is the amplitude of phase-modulation (for example, when the 
directions of illumination and reflection are the same as the vibration direc-
tion of the transducer Td2,  pr —  (47(2)A, where A is vibration amplitude 
of the transducer and A is light wavelength). The hologram is recorded with 
these two beams. 
 For an ordinary ultrasonic wave the vibration amplitude ao(r) is much 
smaller than the light wavelength  A and the modulation amplitude  pr,  i.e., 
 ao(r)  < A, and  ao(r) <  pr. To measure such a small vibration,  pr must 
be so chosen that the irradiance  1(r) of the reconstructed image of point r is 
linearly related to phase  ,u0(r) and amplitude ao(r).
                2.2 Acoustical hologram recording 
 The optical hologram is reconstructed by illuminating the hologram by the 
same optical wave as the optical reference wave but  without modulation 
(fig. 1(b)). The reconstructed image of the membrane has the irradiance 
expressed by (3) when the modulation amplitude of the optical reference 
beam is adjusted to a proper value [7],
     1   1(
r) =Ist(r)_ _1 + 1.33  po(r)  cos  ,u0(r)] (3)
where
 Po(r)   ko(r)  ki(r)]  • ao(r) (4)
and  Ist(r) is the reconstructed irradiance without the ultrasonic wave and 
the reference phase-modulation. As illustrated in fig. 1(a), ko(r) and  k2(r) 
are the wave number vectors in the directions of observation and illumina-
tion. 
 The reconstructed optical image of the membrane is recorded in a film 
whose  transmission function can be expressed as
Ia(r) —  CIst(r)11  + 0.68  po(r)  exp  {itiO(r)}   I  0.68  po(r) exp  {—  yo(r)}i. (5)
This film plays the role of the acoustical hologram.
2.3 Acoustical image reconstruction
 The film is illuminated by laser light. Then the diffracted waves propagate 
in three directions. The first wave  is the zeroth order wave which is expressed 
by the first term in (5). The second term expresses the optical wave field 
analog of the acoustical wave field (which yields the reconstructed acoustical 
 image); and the third term is the conjugate acoustical image. 
 The reconstruction from the acoustical hologram can be done with the 
geometry in fig. 1(c). In acoustical holography the wavelength  of  the record-
ing radiation A is much greater than that of the reconstructing radiation A 
and then the reconstructed image is distorted. The location and the magnifi-
cation of the image are summarized here with the aid of nomenclature in 
fig. 2 when the acoustical reference wave is used [13]. The image location is 
expressed as
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where m is the scaling factor of the hologram in the reconstruction process. 
 In the present acoustical holography, acoustic reference wave is not  used. 
Instead, the phase-modulation ofoptical reference plays its role. In this case, 
the phase of the virtual acoustical reference wave is the same throughout he 
acoustical hologram. Thus the virtual reference sound source can be supposed 
to locate on the point  al = 0 and  ri  =  po  . Equation (6) therefore reduces to 
the expression
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Fig. 2. Nomenclature of the acoustical holography. (a) Hologram recording, (b) Re-
                     construction from the hologram.
 In addition, in the present acoustical holography with phase-modulated 
optical reference, the zeroth order wave can be separated from the first order 
wave when the virtual acoustical reference wave makes an appropriate angle 
to the acoustical object wave. The acoustical object to be imaged should 
therefore not be located in the direction normal to the acousto-optical inter-
face. The present interface can respond to the acoustical wave when its nor-
mal is inclined to the propagation direction of the object wave up to 40°. 
This property can be used conveniently to introduce the inclination of the 
object wave. 
 Themagnifications of the image in each component are expressed as
Lateral  magnification:
Radial magnification:
Angular  magnification:
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A fully faithful reconstruction can only be obtained when the hologram is 
scaled inversely as the ratio of recording to reconstructing wavelength. The 
image, however, is demagnified to that ratio and the microscopic viewing is 
required.
 S
 M1(T2 
 BS?  M5/
 14.Ruby  Laser  .,1' BS7A".-.... i 
I —1 CSC:Mier  
           Df;user i t
      H,-,-/"..ii—vi/1 (1).E. _  denerotor 
                  ,.._.Tdi 
 4/t- 
            --7---- 
                   , al Li 
  M-
I__3 _I
  11M2 )6
,1 
         _I
Fig. 3. Optical arrangement for obtaining acoustical hologram on th 
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3. Experiment and discussion
 The optical arrangement used for obtaining optical hologram is shown in 
fig. 3. An ultrasonic wave of frequency 1 MHz produced by the 30 mm dia-
meter transducer  Tdi passes through the object, impinges on the acousto-
optic surface,  i.e., membrane M and causes to make an ripple on it. The ripple 
pattern, which is an acoustical hologram, is recorded on a photographic plate 
as an optical hologram by means of holographic interferometry. The other 
transducer Td2, which modulates the reference beam, is driven by the same 
oscillator as  Tdl. The vibrating amplitude of the transducer Td2 is adjusted to
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Fig. 4. (a) Object used for imaging experiment. (b) Acoustical h 
6 cm aperture recorded at  1 MHz using the modified holographic 
                 (c) Reconstructed image of the object.
 ologram  with a 
 interferometry.
about 60  nm which corresponds to  pr — 1.13.  The adjustment is made by 
means of the Twyman-Green  interferometer composed of  Td2, beam splitter 
BS2, mirrors M4  and  M5, objective lens L2 and screen S. A pulsed ruby laser, 
operated at 694.3  nm, with about  500 microsecond Gaussian pulse  was used 
for obtaining optical hologram and a  He-Ne gas laser was used for acoustical 
hologram recording and its image reconstruction. 
  Fig. 4(b) shows an example of an acoustical  .hologram recorded on the 
membrane of 60 mm diameter, which is the reconstructed image from the 
optical hologram. The fringe pattern, i.e., ripple pattern, is an acoustical 
hologram of a cutout of the letter K which  has a dimension 30 x 30 mm as 
shown in fig. 4(a). Figure 4(c) shows the reconstructed image obtained from 
the hologram  demagnified to about 1/10 of this acoustical hologram. 
 Next, consider the magnification and the location of the reconstructed 
image. The reconstruction from the acoustical hologram  was done using the 
original laser beam from an  He-Ne gas laser,  ra =  co  , and with the  geometry 
of  oc,,    0. The acoustical hologram was made using the ultrasound  of 
 A   1.92 mm, which is calculated with 1920  m/sec propagation  velo-
city in glycerol and 1 MHz frequency. The acoustical hologram was  demagni-
fied to about  m —  1/10 in the reconstruction process. The value is a compro-
mise between the diffraction angle of the first order diffracted wave and the 
lateral magnification of the reconstructed  image  ; the diffraction angle is 
inversely proportional to  in and the image magnification is directly proportio-
nal to  m. Using these values and A — 632.8  nrn, we finally obtain
 rb — 30.3  12,  ab — 3.3  x  10-3  •  sin  a2 
 M1  = 1/10, Mr   30.3,  Ma  = 3.3  x  10-3 (9)
From these considerations, because  0(b is a very small value, the reconstructed 
image is located in the direction almost normal to the hologram plate and 
located far  from the hologram plate. The lateral magnification is 1/10 and the 
radial magnification 30. The photograph in fig. 4(c) is magnified in the re-
construction process to about 3 times by using a lens with focal length 
100 mm, as shown in fig. 1.
 4®  Conclusion
 A technique, which uses a highly stretched thin membrane as an acousto-
optic interface in the liquid, is presented for obtaining an acoustical  holo-
graphy based on a holographic  interferometry. The three step process of the 
method and the image property, i.e., the location and the magnification of 
the image, are also presented in a  unific way. The experimental result is 
demonstrated with the ultrasonic wave of frequency  1 MHz in glycerol . The 
applicable frequency of the ultrasonic wave ranges up to 10 MHz and  tire 
responsiveness of the membrane motion due to the  ultrasound ranges about 
  400 from the propagation  direction.
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